Abstract: To characterize the spatial heterogeneity of selected soil microbiological characteristics in relation to soil moisture content within a natural beech stand, we collected soil samples at 50 m intervals along a 1,500 m long transect in a beech primeval forest at Vtáčnik mountains (Slovakia) from organic layers (OL and OF horizons) and the mineral A horizon (depth 0-10 cm) in July 2004 and June 2005. Gravimetric soil moisture, basal and substrate-induced respiration, respiration in situ and soil catalase activity were measured. Statistically significant differences in soil variables were found among horizons and partially among sampling dates. Soil microbial activity was closely correlated with soil moisture, especially in the OL horizon. No clear spatial autocorrelation of the assessed soil variables was found, but a significant correlation between years occurred. Moisture and microbial activity parameters were positively correlated with canopy openness in the A horizon, whereas no or negative correlations were observed in the overlying organic horizons.
Introduction
The characterization of spatial heterogeneity is essential for a better understanding of the relationships between soil and environmental factors, for modelling of energy and mass transport processes and to estimate soil attributes between sampling locations. In recent decades, there has been a growing interest in the study of spatial variability of soil properties. Many soil characteristics vary significantly during a year (such as soil moisture, soil temperature, mineral nitrogen, microbial activity) and are correlated with relatively high spatial variability. Soil characteristics that change slowly during a year (such as soil texture, soil bulk density) are usually less variable in space (Wick et al., 2002) . Soil properties can vary both vertically and horizontally, from short distances (micro-scale) to distances of tens to hundreds of meters. Vertical gradients are well documented, and only recently the focus has been on horizontal patterns (Stoyan et al., 2000) .
Spatial heterogeneity in forest soils results from variable quality and quantity of litter input into soil, variable abiotic conditions (precipitation, light, temperature) under different tree canopies at different times of the year, differences in the quality and quantity of stemflow and spatial differences in water and nutrient uptake by roots of trees, etc. (Bruckner et al., 1999; Střelcová et al., 2006) . Much of data about spatial patterns of selected soil variables have been obtained from agricultural soils. Fewer data are available for non-agriculture sites; data for natural forests are rare. Therefore, the aim of this study was to characterize the spatial heterogeneity of selected soil microbial characteristics in relation to soil moisture within a natural beech forest.
Material and methods
Soil samples were collected from a natural beech stand (Fagus sylvatica L.) close to the summit of the mountain Vtáčnik in central Slovakia. Stand age varies from 130 to 210 years. The altitude of the study area is 1060 to 1300 m a.s.l., slope angle 20
• , slope aspect SE. Dystric Andosol (FAO, ISRIC & ISSS, 1998) is the predominating soil type in the lower and middle parts of the transect, Skeletic Andosol at higher elevations. The humus form is moder with a litter horizon (OL), a fragmented horizon (OF), and a thin humus horizon (OH).
Soil samples were taken at 50 m intervals along a 1,500 m long transect from organic layers (OL and OF horizons) colour-indicator. The same procedure was used for the assessment of respiration in situ. CO2 was trapped in 25 mL 0.05 M NaOH covered with a container 15.5×15.5×16 cm. After 24 h the solution was titrated against 0.05 M HCl. For substrate-induced respiration (SIR), 1% glucose was added to the soil samples and CO2 evolved was determined as described above. Catalase activity was determined by measuring the volume of oxygen liberated after incubation of 10 g soil with 3% H2O2 for 10 min according to the method of KHAZIJEV (1976) .
Vertical hemispherical canopy photographs were taken at each sampling point using a digital camera equipped with a fisheye objective. For the evaluation of photographs, we used Gap Light Analyser 2.0 software (FRAZER et al., 1999) . Canopy openness (CO), which is the percentage of open sky seen from beneath a forest canopy, was assessed as a measure of the tree density in the immediate neighbourhood of the sampling point.
Statistical analyses were done using the statistical package SAS/STAT (SAS 1988) . Analysis of variance with repeated measures was used to test the effect of soil horizon and year on microbial variables. Horizon was considered a fixed-effect factor and year was treated as a repeatedmeasure factor. Greenhouse-Geissler adjustment of degrees of freedom was used for significance tests for year and year × horizon interactions. (QUINN & KEOUGH, 2002) .
To assess the degree of spatial continuity in soil data, a simple Mantel test based on the correlation of the distance between sampling points with the differences in soil variable was used. Since the data were not spatially independent, we used partial Mantel tests to estimate the correlations between soil and environmental variables.
To test the significance of the simple and partial correlation coefficients, 1,000,000 random permutations were performed. The program zt (BONNET & VAN DE PEER, Ghent University, Belgium) was used for all calculations. 
Results
Biological characteristics and soil moisture exhibited a high variability along the transect, especially in the litter horizon (Tab. 1). Whereas the coefficients of variation of the analyzed soil variables ranged from 29% to 47% in the A horizon and from 23% to 56% in the OF horizon, in the litter horizon (OL) they ranged from 45% to 94%. Remarkably, the lowest coefficient of variation was observed for the soil respiration measured in situ.
As expected, highly significant differences in soil variables were found among soil horizons. The betweenyears differences were significant only for moisture and catalase activity. A significant year × horizon interaction for most soil variables indicated that the temporal variation was not consistent over horizons (Tab. 2) .
No spatial trend was revealed along the transect with respect to soil moisture and microbial activities in the A horizon. However, in the OF and especially the Significance levels: *** P < 0.001, ** P < 0.01, * P < 0.05, ns P > 0.05 Abbreviations: DF -degrees of freedom; 1 approximate DF; Greenhouse-Geissler adjustment of DF was used for probability tests 
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OL horizon, several significant correlations between soil variables and distance were detected (catalase activity, basal and substrate-induced respiration; Tab. 3). Soil respiration measured in situ was positively correlated with distance (P < 0.01), indicating that respiration data at the neighbouring sampling points were more similar than the data from the more distant points. The interannual variability of soil microbial characteristics and soil moisture showed significant correlations for all characteristics in the A horizon (Tab. 4). On the other hand, only catalase activity was significantly correlated between the years of sampling in the organic horizons.
The correlation matrix among the assessed soil variables is presented in Table 5 . With few exceptions, indicators of soil microbial activity were closely and positively related to each other. All microbial characteristics were significantly correlated with soil moisture, well as the respiration in situ. On the other hand, the correlations between canopy openness and soil variables were generally negative or non-significant in the organic horizons.
Discussion
Our overall goal was to assess the spatial heterogeneity of soil microbial activities and soil moisture and the relationships among these characteristics in a primeval beech forest. Generally, soil microbial characteristics exhibit a higher spatial variability than other soil variables. In particular, soil respiration usually varies considerably in space (Scott-Denton et al., 2003) . For example, Mäder et al. (1993) gave coefficients of variation from 10 to 69% for respiration in agricultural and forest soils. In beech stands, the variation of microbial activity indicators does not seem to exhibit any consistent dependence on scale (Stork & Dilly, 1998; Gömöryová, 2004a, b) . Along the transect within the primeval forest, the variability of soil respiration in the A-horizon was of the same magnitude as in the managed forest (Gömöryová, 2004a) . However, the coefficients of variation for catalase activity and especially soil moisture in the natural forest were higher than in the managed stand. In contrast to commercial beechwoods, which are usually even-aged in Slovakia, a primeval forest is characterized by a spatially heterogeneous age and size structure. Consequently, a higher variability of microclimate and soil properties is to be expected (Korpeľ, 1995) . Surprisingly, the lowest spatial variation was found in soil respiration in situ. Unlike the respiration measured in the laboratory, soil respiration measured in the field comprises autotrophic root and heterotrophic microbial respiration. As stated by Stoyan et al. (2000) , root respiration can contribute up to 20-50% of the total CO 2 . A different variability of basal respiration and respiration in situ may result from different reactions of autotrophic and heterotrophic respiration to changes in environmental conditions (Buchmann, 2000) .
Microbial characteristics of forest soils are frequently spatially autocorrelated at various scales, ranging from a few centimetres to several tens of meters (Morris, 1999; Stoyan et al., 2000; Ettema & Wardle, 2002; Gömöryová, 2004a) . Our study actually failed to detect stationary spatial patterns. Nevertheless, microbial activities and moisture were significantly correlated between years in the A horizon, which means that high and/or low microbial activity or soil moisture were observed at the same places in both years. Such temporal stability was not observed in the organic layers, which are at (or close to) the soil-atmosphere interface and are thus much more exposed to random disturbances.
In a forest, trees are expected to be the principal drivers of soil processes. Canopy openness is, however, a very crude indicator of tree influence, as it integrates several potentially contradictory effects (interception, stemflow, irradiation etc.). It is thus not surprising that the correlations of canopy openness with microbial activity parameters are inconsistent over horizons, although they are more or less consistent over years. Generally, positive correlations of canopy openness with soil moisture and microbial activity parameters in the A horizon may be related to a higher input of precipitation water and radiation (meaning a higher soil temperature) under open canopy (Buchmann, 2000; Stoyan et al., 2000) . Unlike the A horizon, the organic layers are not protected against desiccation and overheating. Soil microclimate oscillations related to the radiation influx through canopy gaps may be the reason for nil or negative correlations between canopy openness and microbial activities in the organic horizons. Moreover, taxonomic composition (including the summary shares of fungi and bacteria) frequently differs between horizons (Berg et al., 1998) .
In conclusion we can state that general levels of variation of the studied soil variables conform to previous studies in forest stands. Spatial scale of our study (50 m distances between sampling points) is apparently too large to detect spatial continuity in a forest ecosystem with a heterogeneous environment resulting from spatially varying stand structure, such as a natural beech forest. Microbial activity was found to be temporally stable in the mineral horizon (in contrast to organic horizons), however, our study was too short to assess the range of such temporal autocorrelation. Stand structure in the neighbourhood of a sampling point (assessed by canopy openness) affects soil moisture and microbial activity, however, the effects differ among horizons.
